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Abstract 
Intraspecific behavioral diversity, both within and among populations, is thought to result from 
genetic polymorphisms. The mechanisms underlying genetic control of behavioral properties, 
however, remain unclear in wild-type vertebrates, including humans. To explore this issue, I used 
diverse inbred strains of medaka fish (Oryzias latipes) established from the same and different local 
populations. In the process of inbreeding, the genetic variation within the species had led to 
differences among strains. The genetic background itself is thought to define strain-specific traits 
because each inbred strain is genetically homogeneous with a unique genotype. 
I established a behavioral paradigm to quantify visually-evoked behavioral characteristics of 
medaka using a liquid crystal display, and found that extinction of illumination robustly elicits a 
startle response in medaka. Medaka exhibited a startle response to the visual stimulus by rapidly 
bending their bodies (C-start) 20-ms after the stimulus presentation. Next, I measured the rate of the 
response to repeated stimuli (40 times, 1-s interval) among four inbred strains, HNI-I, HNI-II, HO5, 
and Hd-rR-II1, and quantified two properties of the startle response: sensitivity (response rate to the 
first stimulus) and attenuation of the response probability with repeated stimulus presentation. 
Among the four strains, the greatest differences in these properties were detected between HNI-II 
and Hd-rR-II1. HNI-II exhibited high sensitivity (approximately 80%) and no attenuation, while 
Hd-rR-II1 exhibited low sensitivity (approximately 50%) and almost complete attenuation after only 
five stimulus presentations. HNI-II and HNI-I, both of which were generated from the same local-
wild population, also showed a difference in attenuation of the response probability. These findings 
suggested behavioral diversity of the startle response within a local-wild population as well as 
among different populations. 
Linkage analysis with F2 progeny between HNI-II and Hd-rR-II1 revealed different quantitative 
trait loci (QTL) for sensitivity and attenuation. The QTL for sensitivity was detected on linkage 
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group (LG) 3 based on analysis of F2 progeny from Hd-rR-II1 females and HNI-II males. The QTL 
for attenuation was detected with a maximum logarithm of odds (LOD) score of 11.82 on LG 16, 
based on analysis with the entire F2 population from reciprocal crosses.  
To narrow down the candidate region and to examine the interaction with other genomic 
regions, I established three congenic lines, each of which has a genomic background of Hd-rR-II1 
and has only a limited region on chromosome 16 replaced by the HNI-II genome. One of the 
congenic lines exhibited a significantly lower degree of attenuation than Hd-rR-II1, suggesting that 
this particular genomic region can alter the behavioral trait without interactions between other loci. 
The degree of attenuation of the congenic line was still higher than HNI-II, suggesting additive 
effects of other loci and/or interactive effects with other loci to this trait. 
The findings in this study are the first to suggest that a single genomic region is sufficient to 
generate a certain part of the individual difference in startle behavior between wild-type animal 
strains. Further identification of genetic polymorphisms that define the behavioral trait will 
contribute to our understanding of the neural mechanisms underlying behavioral diversity, allowing 
us to investigate the adaptive significance of intraspecific behavioral polymorphisms of the startle 
response. 
 
 6 
Abbreviations 
cM: centiMorgan 
LG: linkage group 
LOD: logarithm of odds 
PCR: polymerase chain reaction 
QTL: quantitative trait locus 
SEM: standard error of mean 
 7 
General introduction 
Many animals, including humans (Gosling 2001), exhibit intraspecific behavioral diversity in 
various dimensions, such as startle response, feeding, aggression, and activity in voluntary 
movement (Réale, et al. 2007, Bouchard and Loehlin 2001, Carter, et al. 2013, Sih, Bell and 
Johnson 2004, Wilson, et al. 1994). Individual differences in behavioral traits are thought to be an 
important factor influencing the fitness of each individual depending on the environment and/or a 
distribution of the phenotype (Smith and Blumstein 2008), and are suggested to be under natural 
selection (Réale, et al. 2007). In addition, intraspecific behavioral diversity in some animal groups 
may contribute to the emergence of social organization such as a leader-follower relationship 
(Webster and Ward 2011, Bergmuller and Taborsky 2010). For example, stickleback individuals 
exhibiting relatively higher boldness in individual tests tend to lead individuals with lower boldness 
when foraging as a pair (Harcourt, et al. 2009). In social spiders, it is suggested that individuals with 
shorter latencies to recover from huddling in air puff tests are tend to participate more in prey 
capture in a colony (Grinsted, et al. 2013). Also, in mosquito fish, the swimming speed of the fastest 
fish in a group, observed in individual tests, tends to determine group-level swimming properties 
(Herbert-Read, et al. 2013). Thus, individual differences in the behavioral characteristics of wild 
animals have attracted the interest of many researchers, not only in the field of behavioral biology 
but also in the field of evolutional ecology (Gosling 2001, Réale, et al. 2007, Carter, et al. 2013, Sih, 
Bell and Johnson 2004). Genetic polymorphisms that determine such behavioral diversity and 
potentially affect social organization, which could be key factors in the field of evolutionary ecology 
studies, however, have not yet been well clarified yet. 
To explore this issue, I focused on the medaka fish (Oryzias latipes), a small teleost with a habit 
of group forming and coordinated swimming, in my graduate school studies. Over ten inbred strains 
of medaka of various origins have been generated from over 20 generations of sister-brother mating, 
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including wild and pet strains (Hyodo-Taguchi, 1996, Spivakov, et al. 2014, Sasado, et al. 2010, 
Hyodo-Taguchi, 1990, Hyodo-Taguchi, 1983). In the process of inbreeding, the genetic variations 
that are originally present within the same population distribute to each strain. Because each inbred 
strain is genetically homogeneous with a unique genotype, the genetic background itself is thought 
to define strain-specific traits (Kimura, Shimada, et al. 2007, Ishikawa, et al. 1999, Ishikawa, et al. 
1999). Therefore, I thought that distinct behavioral traits of the inbred strains could be considered to 
reflect the behavioral ‘personality’ of each individual of the original population. I thus expected that 
analysis of the genetic background of the different behavioral properties of each medaka strain 
could provide important insight into the genetic background of the behavioral ‘personality’ of the 
wild medaka and thus could be an important clue for the further genetic dissection of the behavioral 
‘personality’.  
Importantly, the availability of a dense genetic linkage map (Kimura, Shimada, et al. 2007, 
Kimura and Naruse, 2010, Kimura, Yoshida, et al. 2005, Naruse, et al. 2000) and large-scale 
genomic data (Ahsan, et al. 2008, Kasahara, et al. 2007, Kobayashi and Takeda 2008, Takeda 2008) 
allows us to identify the quantitative trait loci (QTL) for complex traits and to compare genetic 
polymorphisms in candidate genomic regions among medaka inbred strains. A previous comparative 
analysis of the genomes of medaka inbred strains revealed a genome-wide single nucleotide 
polymorphism rate between two inbred strains (HNI-II and Hd-rR-II1) of 3.42%, the highest single 
nucleotide polymorphism rate observed to date in any vertebrate species (Ahsan, et al. 2008, 
Kasahara, et al. 2007). This intraspecific genetic variation is considerably large compared with those 
of other model animal species, such as 0.14% in house mouse (Mus musculus domesticus) (Wade, et 
al. 2002), which originated from limited founder populations, or 0.02% in Drosophila melanogaster 
(Müller, et al. 2012). Medaka is thus considered an ideal animal model for the search of genetic 
factors that underlie complex traits (Kimura, Shimada, et al. 2007).  
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To date, although some QTLs for morphologic traits have been identified in medaka by analysis 
of inbred strains (Kimura, Shimada, et al. 2007, Kimura, Shinya and Naruse, 2012), only one report 
has described differences in behavioral traits among medaka inbred strains; when humans approach 
rearing tanks, some inbred strains tend to approach to humans, while other inbred strains tend to dart 
away from humans (Hyodo-Taguchi, 1990), possibly in response to the human figure. The 
difference in behavioral traits, however, has not been quantitatively analyzed based on paradigmatic 
behavioral factors. In the present study, I first quantitatively compared the startle response to 
extinction of illumination among medaka inbred strains, and then performed a genome-wide QTL 
analysis to identify genomic regions that are responsible for different behavioral properties.   
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Chapter 1 
 
Quantitative comparison of startle response properties among 
medaka inbred strains 
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Introduction 
Escape behaviors and preceding startle responses are essential for animals to avoid danger  
(Godin 1997, Ruxton, Sherratt and Speed 2004). The execution of such behaviors, however, 
generally requires a large amount of energy and interferes with other behaviors such as foraging 
(Quinn and Cresswell 2005). Differences in danger avoidance tendencies among individuals 
contribute to the emergence of a leader-follower relationship, as observed in some teleost and avian 
species (Harcourt, et al. 2009, Krause and Ruxton 2002), that is, individuals with high escape 
tendencies are followed by those with low escape tendencies. Therefore, intraspecific 
polymorphisms of startle properties could have large effects on the diversity of survival strategies 
and be under natural selection. 
Although previous studies have suggested genetic effects on the startle response 
polymorphisms, the responsible genes have not yet been identified for the following reasons: 1) 
Unavailability of inbred strains (van Oers, et al. 2004, Lucas, et al. 2004), and 2) Low 
reproducibility of observed behavioral differences (Flint, 2003, Flint, Valdar, et al. 2005, Gosling 
2001).  
To address these problems, I focused on inbred strains of medaka. Studies in our laboratory 
have established that medaka reproducibly exhibit various social behaviors such as coordinated 
swimming (schooling) (Imada, et al. 2010), visually-guided group foraging (Ochiai, et al. 2013), 
and courtship and mate choice (Okuyama, Yokoi, et al. 2014) in experimental setups in the 
laboratory environment. There is one report to date, however, describing differences in startle 
response tendencies among medaka inbred strains; some inbred strains tend to approach to humans, 
while other inbred strains tend to avoid humans (Hyodo-Taguchi, 1990). The difference in 
behavioral traits, however, has not been analyzed quantitatively. 
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My observations in the laboratory revealed that medaka exhibit a startle response (quick jump) 
in response to moving objects, such as humans approaching rearing tanks and hands waved over the 
tanks. Based on the assumption that this startle response is elicited visually, I attempted to establish 
a quantitative assay system for the startle response with a visual stimulation setup. In this chapter, I 
compared startle response properties among medaka inbred strains with this system, aiming to 
establish a basis for future genetic analyses. 
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Materials and Methods 
 (1) Animals 
Adult medaka (>3 months after hatching, 2.5-4 cm long) were used for behavioral tests. Four 
medaka inbred strains used in the experiments, HNI-I, HNI-II, Hd-rR-II1, and HO5 (Table 1) were 
established and maintained by over 20 generations of full sister-brother mating (Spivakov, et al. 
2014, Sasado, et al. 2010, Hyodo-Taguchi, 1990, Hyodo-Taguchi, 1983). The National BioResource 
Project Medaka provided all of these strains. Water temperature was maintained at approximately 
28℃. The light:dark ratio was 14 h:10 h, with lights on from 08:00 to 22:00. Fish were maintained 
in plastic aquariums (12 cm x 13 cm x 19 cm). Each aquarium was separated by a transparent 
partition into two ID-tagged compartments, each of which contained two fish. Fish were fed brine 
shrimp (3 - 4 times daily). Rearing water was circulated among the aquariums, and water loss was 
replaced with dechlorinated tap water.  
 
(2) Behavioral tests 
Behavioral tests were performed over 5 days. On each experimental day, fish were scooped 
from the aquariums at ~12:00 and placed into ID-tagged plastic cups with rearing water (one pair of 
fish per cup) for transportation to the observation room. Fish were kept in the observation room for 
~3 hours for acclimation. For behavioral observation, a shelf with three transparent glass boards was 
used (Figure 1A). At ~15:00, each individual fish was placed in a tall Petri dish (8 cm in diameter, 
filled with water to a 2-3 cm depth, and covered on the side surface with white paper) on the middle 
shelf with a 4-cm-long plastic plate as a spatial scale. Up to four fish were tested at the same time, 
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and the other fish were kept under an opaque cover during the trial. After the fish were placed on the 
middle board, the light in the experiment room was turned off. Visual stimuli were presented with a 
liquid-crystal display (TSA4634JT, Iiyama, Tokyo, Japan. Response time: 72 ms) set on the upper 
board of the shelf. Fish were first presented with the light stimulus for 5 min for acclimation, and 
then for 20s for start-up of the video recording. After the video recording was started, fish were 
shown a stimulus movie (Figure 1B). Video recording was stopped after the movie ended. Between 
trials, the light of the room was turned on to change fish. After all trials were complete, the fish were 
transported back to the rearing room. 
 
(3) Visual stimuli 
In the trials, fish were presented a light-dark stimulus movie in which 40 light periods and 40 
dark periods appeared alternately. In the experiment shown as “0.5 s” in Figure 8, the dark stimulus 
was presented every 0.5-s for a period of 1.0-s. In the other experiments, the lengths of the light 
periods and dark periods were each set to be 1.0-s long as shown in Figure 1B.   
 
 (4) Video recording 
The time-lapse image of C-start shown in Figure 1E was recorded at 600 frames per second 
with a digital camera (EXILIM EX-F1, CASIO, Japan). In the experiments shown in Figures 2, 3, 4, 
5, 6, 7 and 8, movement of the fish was recorded from underneath at 30 frames per second with a 
video camera (HDR-HC3, SONY, Japan). The infrared imaging (“night-shot”) mode of the video 
camera was used to observe the behavior of the fish under consecutive light-to-dark transitions. 
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Infrared LED lights (LB12-WP01, Ebisu-denshi, Osaka, Japan, with a peak wavelength of 850 nm, 
which is out of the estimated visible wavelength range of medaka (Matsumoto, et al. 2006)) were 
used for infrared lighting. To illuminate the viewing field uniformly, an opalescent acrylic board 
(3mm thick) was placed on tall Petri dishes as a light diffuser. To cut off excess visible light from 
the recorded movies, an infrared filter (IR 78, Fuji film, Japan), which cuts off light with a 
wavelength <780nm, was set on the lens of the video camera. A pinhole was created at the center of 
the filter, through which the light-dark changes of the display were recorded (Figure 1C and 1D). 
 
(5) Quantification of response properties for each individual 
The startle response was manually scored on the video recordings (30 frames/s), as a quick tail 
flip with a C-shaped body bend starting within three recording frames after an onset of a light-to-
dark transition, with >0.5cm of body moving distance between two adjacent recording frames 
(corresponding to >15cm/s in velocity). The “sensitivity” was calculated as response probability to 
the first dark period. The “response stability index” was calculated as the number of dark periods 
needed before an integrated amount of responses reached half the total amount of response. 
In the analysis of sensitivity, a mean value of the 5 experimental days was used as a 
characteristic index value for each individual. In the analysis of the response stability index, a mean 
value of 3 days, not including the highest and lowest values over the 5 experimental days, was used 
for each individual. 
 
(6) Quantification of maximum velocity during a response 
The maximum velocity during each response was calculated from fish velocities and time 
sequences of light-dark changes according to the following procedure using ImageJ 
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(http://imagej.nih.gov/ij/). First, the recorded movies were imported to ImageJ (Ver.10.2) using 
QuickTime (Ver. 7.6.4) and each frame of the movies was converted to an 8-bit monochrome image. 
To calculate the fish velocities, the area inside of the tall Petri dish was defined as the region of 
interest. The brightness threshold was set to distinguish the fish from the background, and a spatial 
scale was calibrated using the 4-cm-long plastic plate placed near the tall Petri dish. The positions of 
the fish were measured using the Particle Analyzer algorithm of ImageJ and the velocities of the fish 
were calculated at each frame. To track light-dark changes over time, the “Stacks” function of 
ImageJ was used. The small circular area at the center of the image, representing the light-dark 
changes recorded through the pinhole of the infrared filter, was selected as a region of interest 
(Figure 1C and 1D). A time sequence of brightness in the region was obtained by the “Plot Z-axis 
Profile” command, and the onset of each light-to-dark change was defined as <-1 of transition in 
brightness from a previous recording frame (in typical cases, mean brightness values in the region 
were ~85 in light states, and <80 in dark states). Based on the sequential values, the maximum 
velocity during each response was defined as the highest velocity in three recording frames after a 
light-to-dark transition. 
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Results 
(1) Behavioral paradigm of visually-evoked startle response  
In this study, I newly established a behavioral paradigm to quantify visually-evoked behavioral 
characteristics of medaka using a liquid crystal display (Figure 1A). Extinction of illumination 
(color transition from white to black on the entire screen of the liquid crystal display) robustly 
elicited a transient startle response in medaka fish. At approximately 20-ms after the stimulus 
presentation, medaka exhibited rapid and transient body bending (Figure 1C and 1D). This startle 
response resembled the “C-start”, a broadly observed escape behavior of teleost fish (Eaton, 
Lavender and Wieland 1981). Medaka fish responded to the extinction of illumination (light-to-dark 
stimulus, Figure 1C), but showed no apparent response to dark-to-light stimulus (Figure 1D). I 
tested four inbred strains from the same and different populations, and detected no prominent 
difference in either the latency of the response or the motion kinematics (Table 1).  
 
(2) Differences in startle response properties among medaka inbred strains 
To investigate changes in the startle response to repeated eliciting stimuli, I used blinking 
stimuli, where the entire screen flickered 40 times at 1-s intervals (Figure 1B). I examined whether 
fish exhibited the startle response to each eliciting stimulus based on recorded movies (Figure 1A 
and 1C). This behavioral test included the same fish everyday for five consecutive days and the 
startle response rate of each fish was calculated for every stimulus (Figure 2A). Among the four 
strains, the most prominent differences were detected between HNI-II and Hd-rR-II1 in two 
features. HNI-II demonstrated the highest sensitivity and no attenuation of the response probability, 
whereas Hd-rR-II1 demonstrated the lowest sensitivity and almost complete attenuation of the 
response probability within five repeated stimulus presentations.  
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Although these two strains showed differences in the response probabilities, neither exhibited a 
significant decrease in maximum velocity during the response (i.e., response magnitude) and both 
continued to respond with a velocity of >15 cm/s until they stopped responding (one-way ANOVA; 
HNI-II: F (39, 685) = 1.14, p > 0.05; Hd-rR-II1: F (3, 28) = 2.11, p > 0.05; Figure 5A). 
To quantitatively compare the response properties, I defined two indices. The ”sensitivity 
index” was defined as the probability of a response to the first eliciting stimulus on each of the 5 
days. The “response stability index” was defined as the number of eliciting stimuli required before 
an integrated response reached half the total amount (see Materials and Methods), which negatively 
correlates with the degree of attenuation. No effect of day on either of the indices was detected 
(two-way repeated measures ANOVA; sensitivity: F [4, 280]= 0.31, p > 0.05; response stability 
index: F [4, 280] = 1.03, p > 0.05; Figure 4). The sensitivity index differed significantly between 
HNI-II and Hd-rR-II1 (Scheffe’s F test, p < 0.01; Figure 2B and 3A) among the four inbred strains, 
while the response stability index differed significantly among several combinations (Figure 2C and 
3B).  
HNI-I and HNI-II showed a difference in attenuation of the startle response probability between 
them, while both of them originated from the same local-wild population or a deme (Niigata stock) 
(Hyodo-Taguchi, 1996, Hyodo-Taguchi, 1990, Hyodo-Taguchi, 1983).  To investigate whether such 
behavioral difference also exist within a local-wild population, I examined this behavior in offspring 
of the original population of HNI-II and HNI-I, maintained as Niigata stock (Hyodo-Taguchi, 1996, 
Hyodo-Taguchi, 1990). Individuals from Niigata stock had widely ranging response stability index, 
including one lower than that of any of the HNI-I individuals, to one the same level as that of HNI-
II (Figure 6). 
 
 
 19 
(3) Sexual dimorphism in sensitivity in Hd-rR-II1 
The sensitivity index was significantly higher in females than in males (two-way ANOVA; sex: 
F [1,52] = 9.61, p < 0.01; Figure 7A).  This sexual dimorphism was significant only in Hd-rR-II1, 
although the other inbred strains also showed the same tendency. There was no significant 
difference in the response stability index between sexes (two-way ANOVA; sex: F [1,52] = 2.63, p = 
0.11; Figure 7B). 
 
(4) Attenuation of the startle response probability with highly frequent stimuli in HNI-II 
HNI-II exhibited no attenuation in the response probability to repeated stimulus presentations, 
suggesting that some mutations in the HNI-II inbred strain resulted in a loss of the ability to exhibit 
startle response attenuation. To examine whether HNI-II could exhibit startle response attenuation, I 
presented visual stimuli with a shorter interval, i.e., the display flickered 40 times at 0.5-s intervals. 
Under these conditions, HNI-II exhibited an attenuated startle response and the response stability 
index was significantly lower than that when stimuli were presented at 1.0-s intervals (one-way 
ANOVA; F [1, 24] = 83.32, p < 0.001; HNI-II, n = 6; Hd-rR-II1, n = 8; Figure 8C). This finding 
indicated that HNI-II exhibits an attenuated startle response probability to repeated stimulus 
presentations. The index in Hd-rR-II1, however, did not differ significantly between the two 
stimulus presentation conditions (one-way ANOVA; F [1, 26] = 1.68, p > 0.05; Figure 8C), 
suggesting that the response stability index of Hd-rR-II1 reached the lowest plateau with stimulus 
presentation at 1.0-s intervals. There was no significant difference in sensitivity in either HNI-II or 
Hd-rR-II1 (one-way ANOVA; HNI-II: F [1, 24] = 0.02 p > 0.05; Hd-rR-II1: F [1, 26] = 1.82, p > 
0.05; Figure 8B). Thus, I concluded that the plasticity of the visual response in HNI-II is not 
defective.
 20 
Discussion 
The startle response is a reflexive reaction to potentially stressful environmental stimulation 
that is observed in most, if not all, animal species (Eaton 1984). Extinction of illumination robustly 
induced the startle response (C-start) in medaka fish, suggesting that the visual stimulus mimics the 
sudden appearance of a natural predator above the water (Gwilliam 1963, Russell 1967). Since HNI-
II and Hd-rR-II1 were observed to show normal optomotor response (Yuji Suehiro, personal 
communication, 2009), in which medaka follow a series of black and white stripes, at least both of 
these inbred strains were supposed to have ability to percept visual stimuli and physically response 
to visual stimuli. In this study, in addition to HNI-II and Hd-rR-II1, HNI-I and HO5 also showed the 
startle response to the light-to-dark, not to the dark-to-light, visual stimulus. 
The originally established experimental paradigm clearly demonstrated a significant difference 
in the startle response pattern among medaka inbred strains. The most prominent behavioral 
differences were detected between HNI-II and Hd-rR-II1, which also have the highest genetic 
difference based on the base substitution rate (Kasahara, et al. 2007).  
In the inter-strain comparison of the response stability index, a difference in behavior was 
observed between HNI-I and HNI-II, both of which originated from the same local-wild population. 
Considered along with the varied values of the response stability index observed in the Niigata 
stock, it is possible that a genetically defined polymorphism of the behavioral property exists in a 
wild living population. Further genetic characterizations of individuals in the population will help us 
to determine whether the behavioral differences reflect genetically-affected behavioral diversity in 
natural environments. As animal personalities can be consistent across different contexts (Ward, et 
al. 2004, Bell 2005, Réale, et al. 2007, but see Coleman and Wilson 1998), genetic factors that 
determine the startle response properties may also affect on other behavioral characteristics. 
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Although HNI-II showed almost no response attenuation to the stimulus presented at 1-s 
intervals, this strain did exhibit attenuated response probability to the stimuli presented at shorter 
(0.5-s) intervals. This finding suggests that there are inter-strain differences in the threshold of the 
frequency of the stimulus to result response inhibition. Also, as the startle response of medaka was 
all-or-none, which is same as in other teleost species (Medan and Preuss 2014), it is assumed that 
genetic factors responsible for the behavioral properties modulate the probability of the response 
arousal in the C-start circuit, which is generally comprises only several neurons (~6 neurons from 
the retina to the trunk muscles (Medan and Preuss 2014) as shown in Figure 9).  
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Table 1. Inbred strains and their origins 
Strain Local 
population 
Origin 
HNI-II 
Northern Japan 
Wild population in Niigata city, 
Niigata Prefecture, Japan 
HNI-I  Same wild population as HNI-II 
HO5 
Southern Japan 
Commercial stock purchased in 
Chiba prefecture, Japan 
Hd-rR-II1 Commercial stock purchased in Yatomi, Aichi prefecture, Japan 
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 Figure 1. Experimental design and observed startle response 
(A) Experimental apparatus with infrared imaging system. (B) Experimental program. (C) 
(D) Images from infrared recording. Light-dark changes of the display are represented as 
the changes in brightness at the center of the image (indicated by white arrows). (C) 
Response to light-to-dark stimulus. Two individuals (top-right and bottom-left, indicated by 
magenta arrowheads) exhibit C-start. (D) No apparent response to dark-to-light stimulus. 
(E) C-start of medaka. Fish bend their body in a “C” shape after a ~20-ms latency.  
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Figure 2. Comparison of startle response properties among inbred strains 
HNI-II (n=20), HNI-I (n=6), HO5 (n=14), and Hd-rR-II1 (n=20). (A) Transition of response 
probability (average of the 5 experimental days). Bars represent SEM. (B) Sensitivity of 
four inbred strains. A mean value of the 5 days was used as a characteristic index value for 
each individual. Bars represent SEM. ** p<0.01 by Scheffe’s F test. (C) Response stability 
index of four inbred strains. A mean value of 3 days, not including the highest and lowest 
values over the 5 days, was used as a characteristic index value for each individual. Bars 
represent SEM. a, b, c, d, and e indicate p<0.01 by Scheffe’s F test. 
 
A
B
0 
5 
10 
15 
20 
25 
HNI-II HNI-I HO5 Hd-rR-II1 
R
es
po
ns
e 
st
ab
ili
ty
 
a, b, c
a, d b, e
c, d, e
C
0 
20 
40 
60 
80 
100 
HNI-II HNI-I HO5 Hd-rR-II1 
 S
en
si
tiv
ity
 (%
)
**
0 
20 
40 
60 
80 
100 
1 6 11 16 21 26 31 36 
R
es
po
ns
e 
ra
te
 (%
)
Stimulus number
HNI-II 
HNI-I 
HO5 
Hd-rR-II1  
40
 25 
Figure 3. Whole distribution of values of the response properties in the four inbred strains 
HNI-II (n=20), HNI-I (n=6), HO5 (n=14), Hd-rR-II1 (n=20). (A) Individual values of 
sensitivity in four inbred strains. (B) Individual values of response stability index in four 
inbred strains. 
 
Figure 4. Effect of experimental days on the response properties in the four inbred 
strains 
HNI-II (n=20), HNI-I  (n=6), HO5 (n=14), Hd-rR-II1 (n=20). Bars represent SEM. *** 
p<0.001 by two-way repeated measures ANOVA. No significant effect of days, and no 
significant interaction between day and strain were detected. 
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Figure 5. Transition of fish velocity 
(A) Transition of maximum velocity during startle movement. HNI-II (trials, individuals = 20, 
4), Hd-rR-II1 (trials, individuals = 30, 6). Bars represent SEM. In each strain, no significant 
effect of stimulus number was detected by one-way ANOVA (p>0.05). (B) Example of 
tracked velocity of one HNI-II individual through one trial. 
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Figure 6. Niigata stock, offspring of the founder population of N1 and N2 
N2, N1, and Niigata represent HNI-II, HNI-I, and Niigata stock, respectively. (A) Origins of 
HNI-II and HNI-I. (B) Individual values of the response stability index of each strain or 
population. 
 
Figure 7. Sexual dimorphism of the response properties in the four inbred strains 
HNI-II (11 males, 9 females), HNI-I (3 males, 3 females), HO5 (6 males, 8 females), Hd-rR-
II1 (10 males, 10 females). Bars represent SEM. ** p<0.01 and *** p<0.001 by two-way 
ANOVA. No significant effect of sex, and no significant interaction between sex and strain 
were detected. 
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Figure 8. Comparison of startle response properties between different stimulus 
interval conditions 
HNI-II (n=6), Hd-rR-II1 (n=8). Bars represent SEM. (A) Transition of response probability to 
frequent (0.5-s interval) stimulus presentations. (B) Sensitivity in different stimulus interval 
conditions. Bars represent SEM. In each inbred strain, no significant difference was 
detected between the 1.0-s and 0.5-s interval conditions, based on one-way ANOVA. (C) 
Response stability index of two inbred strains. ***p<0.001 by one-way ANOVA. 
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Figure 9. C-start circuit mediated by Mauthner cells in teleost 
OT represents optic tectum. Visual input from retina is sent to OT, and signals from OT 
trigger excitement of a Mauthner cell, the center of C-start. Then the Mauthner cell 
stimulates trunk muscles on the opposite side of the body through its long axon, causing a 
dynamic body bend.  
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Chapter 2 
 
Analysis of genomic regions related to the startle response 
properties 
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Introduction 
Intraspecific behavioral diversity in startle response may be generated not only by 
environmental factors, such as learning and development, but also by genetic factors (Réale, et al. 
2007, Bouchard and Loehlin 2001). For example, heritability of startle response latency has been 
demonstrated in an avian species, the great tit (Parus major) (van Oers, et al. 2004). Rodents exhibit 
significant differences between experimental strains in several aspects of the startle response 
(Glowa and Hansen 1994, Flint, 2003, Flint, Valdar, et al. 2005), suggesting that genetic differences 
among those strains are related to behavioral diversity. Most of QTL analysis studies with rodent 
models, however, indicate multiple loci with weak effects, and have not allowed for successful 
identification of the responsible locus for the differences in the startle response (Flint, 2003, Flint, 
Valdar, et al. 2005, Mackay, Stone and Ayroles 2009). Inaccuracy and low reproducibility of 
behavioral phenotyping paradigms also potentially interfere with genetic analyses on behavioral 
traits (Mackay, Stone and Ayroles 2009, Flint, 2003). 
In the first chapter, I demonstrated remarkable differences in the startle behavior properties 
among inbred strains of medaka. The differences were stable throughout the 5 days of the 
experimental period, and most prominent between two particular inbred strains, HNI-II and Hd-rR-
II1, which have the highest single nucleotide polymorphism rate observed to date in any vertebrate 
species (Ahsan, et al. 2008, Kasahara, et al. 2007). Importantly, the availability of a dense genetic 
linkage map (Kimura, Shimada, et al. 2007, Kimura and Naruse, 2010, Kimura, Yoshida, et al. 2005, 
Naruse, et al. 2000) and large-scale genomic data (Ahsan, et al. 2008, Kasahara, et al. 2007, 
Kobayashi and Takeda 2008, Takeda 2008) allows us to identify the QTL for complex traits in 
general and to compare genetic polymorphisms in candidate genomic regions between the medaka 
inbred strains. 
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In this chapter, I performed a genome-wide QTL analysis for the two properties of the visually-
evoked startle response to search for the genomic region related to the behavioral traits.  
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Materials and methods 
(1) Animals 
Adult medaka (>3 months after hatching, 2.5-4 cm long) were used for behavioral tests and 
genotyping. Two medaka inbred strains, HNI-II and Hd-rR-II1 (Spivakov, et al. 2014, Sasado, et al. 
2010, Hyodo-Taguchi, 1990, Hyodo-Taguchi, 1983), were used as founder strains. These strains 
were established and maintained by over 20 generations of full sister-brother mating, and were 
provided by the National BioResource Project Medaka. Two F1 hybrids, F1-a (female Hd-rR-II1 x 
male HNI-II) and F1-b (female HNI-II x male Hd-rR-II1), were used for the experiment shown in 
Figure 10. The two F2 hybrids used for the QTL analysis, F2-a and F2-b, were obtained from sibling 
mating within F1-a and F1-b, respectively. The rearing conditions were the same as described in 
Chapter 1.  
 
(2) Behavioral tests and quantification of the properties 
Behavioral tests and quantification of the behavioral properties were performed as described in 
Chapter 1. The lengths of the light periods (interval of dark stimuli) and dark periods were each set 
to be 1.0-s long. 
 
(3) Genotyping 
For DNA extraction, fish were submerged in ice water (≤ 4 °C) until cessation of gill movement 
and heartbeat, and then decapitated with a sharp blade. Genomic DNA was extracted using a PI-50 
automatic DNA isolation system (Kurabo Industries Ltd., Osaka, Japan) from the decapitated and 
gutted medaka bodies fixed in 100% ethanol. I used 147 polymerase chain reaction (PCR) product 
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length polymorphism primers, which were described previously (Kimura, Shinya and Naruse, 
2012). PCR and polymorphic analyses were performed as described previously (Kimura and 
Naruse, 2010, Kimura, Shinya and Naruse, 2012).  
 
(4) QTL analysis 
I used a total of 117 F2 individuals for 5 days of behavioral tests. Behavioral tests were 
performed in 10 divided batches. In each batch, 2 HNI-II (positive control), 2 Hd-rR-II1 (negative 
control), and 11 or 12 F2 individuals were used. In preliminary experiments, some batches exhibited 
a low response rate among all individuals, including HNI-II. Therefore, I used the response rate of 
HNI-II as a criterion for excluding batches with generally low response rates from the dataset for 
further analysis. I eliminated two batches (23 individuals) in which HNI-II exhibited <70% of the 
mean response rates throughout the 40 stimulus presentations. I also eliminated four individuals that 
died after the behavioral tests, and three individuals for which the movie recordings were 
problematic. As a result, 87 F2 individuals (offspring of F1-a: n=29, offspring of F1-b: n =58) were 
used for further QTL analysis. 
In the analysis of the response stability index, nine individuals with no response were 
additionally eliminated from the dataset, because I could not define the index in such cases. QTL 
analysis was performed using R/qtl (Broman, et al. 2003). Nonparametric interval mapping was 
performed with a “scanone” function, using the argument “model = np”. The LOD threshold for 
interval mapping (p = 0.05) was determined by 1000 iterated permutations. The bayesian function 
was used to calculate the Bayes credible interval (95%) for estimation of the QTL location. The 
fitqtl function was used to calculate the percentage variance explained by the marker nearest the 
estimated QTL. 
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Results 
(1) Identification of genomic region highly related to attenuation of the startle response 
probability 
To search for candidate genetic regions defining the behavioral diversity of startle response 
attenuation, I performed a QTL analysis using HNI-II and Hd-rR-II1. I selected the two strains for 
their most prominent behavioral difference (Figure 2B and 2C), abundance of polymorphic markers 
(Kimura, Shimada, et al. 2007, Kimura, Yoshida, et al. 2005, Kimura, Shinya and Naruse, 2012), 
and availability of genome sequence information (Kasahara, et al. 2007) for further investigations. 
For QTL analysis, I crossed HNI-II and Hd-rR-II1 for two generations and obtained ~100 F2 
individuals. The sensitivity and response stability indices were measured in each individual under 
the 1-s interval stimulus presentation condition. After the behavioral tests, each individual was 
genotyped with 147 polymorphic markers on the genome, indicated as black bars on the horizontal 
axes in Figure 10A and 10B, and black arrowheads in Figure 10C, with a marker interval length of 
~10-cM. 
Analysis of the response stability index detected revealed significant QTL with a maximum 
LOD score of 11.82 located on LG 16, explaining 26.7% of the variance (n = 78, p < 0.01; Figure 
10C, 10D and Table 2). The response stability index of F1 between HNI-II and Hd-rR-II1 was 
similar to that of Hd-rR-II1 (Figure 11C), suggesting that recessive genetic factors have a major 
effect on the behavioral traits of HNI-II. 
 
(2) Analysis of genomic region related to sensitivity 
Analysis of the sensitivity index with the entire F2 population revealed no significant QTL (n = 
87, p > 0.05; Figure 10A). In the previous F1 generation, the sensitivity index was lower in progeny 
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between Hd-rR-II1 females and HNI-II males (F1-a) than in HNI-II, while the index of progeny 
obtained from the reciprocal cross (F1-b, from HNI-II females and Hd-rR-II1 males) was not 
significantly lower than in HNI-II (Figure 11B). In the original four inbred strains I used, the 
sensitivity index of females was significantly higher than that of males (two-way ANOVA; sex: F 
[1,52] = 9.61, p < 0.01; Figure 7A), while there was no significant difference in the response 
stability index between sexes (two-way ANOVA; sex: F [1,52] = 2.63, p = 0.11; Figure 7B). Thus, 
the failure to detect a QTL for the sensitivity index might be due to a sexual dimorphism of this 
behavioral trait. Analysis discriminating F2 populations from different crosses suggested the 
presence of a QTL that was specifically detected with the offspring of F1-a (n = 29, p < 0.05; Figure 
12A), not with the offspring of F1-b (n = 58, p > 0.05; Figure 12B), which might support the 
hypothesis. This QTL was not on LG 1, corresponding to the sex chromosome of medaka (Matsuda, 
et al. 2007). 
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Discussion 
The genetic polymorphism that determines the difference in the startle response among wild 
strains based on QTL analysis has not been clarified in rodents (Flint, 2003, Flint, Valdar, et al. 
2005, Mackay, Stone and Ayroles 2009). In the present medaka study, QTL analysis suggested a 
single 30-cM genomic region (18Mbp) for the startle response attenuation, with higher effect 
(26.7% variance explained) than that of behavioral QTLs previously found in rodent studies (~5% 
variance explained on average (Flint, 2003)). This result might reflect differences in the complexity 
of the behavioral modulation system between teleost fish and rodents, and/or the utility of medaka 
as a model animal for genetic analysis of complex traits. Recently, it has been demonstrated that an 
inbred mice strain established from a wild population shows unique behavioral and genetic 
characteristics (Moriwaki, et al. 2009, Kato, et al. 2014, Takahashi, Shiroishi and Koide 2014). 
Further establishment of inbred strains with various genetic backgrounds may be a breakthrough of 
behavioral genetics studies with rodents in the future. 
For the sensitivity trait, analysis discriminating F2 populations from different crosses suggested 
the presence of an autosomal QTL that was specifically detected with the offspring of one of the 
reciprocal crosses. Combined with the sexual dimorphism of this trait in the original strains, this 
result might support the hypothesis that this autosomal locus has epistatic effects with other loci on 
sex chromosomes.  
 The identified genomic region for the response stability index contains approximately 500 
predicted genes, and further generation of congenic lines will allow us to narrow the candidate 
region and to examine epistatic effects between other loci. 
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Table 2. Location and effect of the QTL detected in the analysis with the whole F2 
population 
Trait LG QTL  LOD 
score 
Nearest 
marker 
Marker 
location  
LOD 
score 
p 
value 
PVE HNI-II 
homo 
Hetero 
 
Hd-rR-II1 
homo 
Sensitivity - - - - - - - - - - - 
Response 
stability 
index 
16 30 cM 11.82 MID1615 
39.75 
cM 5.26 
p < 
0.001 26.7 8.9±1.1 3.1±0.7 1.4±1.0 
PVE, percent variance explained; HNI-II homo, homozygous for HNI-II alleles; Hetero, 
heterozygous, Hd-rR-II1 homo, homozygous for Hd-rR-II1 alleles 
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Figure 10. Quantitative trait analysis with F2 between HNI-II and Hd-rR-II1 
In A, B, and C, dashed lines indicate the thresholds (p=0.05) determined by 1000 times of 
permutation tests. (A) QTL analysis on sensitivity. No significant QTL was detected. (n=87) 
(B) QTL analysis on response stability index. Significant QTL was detected on 
chromosome 16. (n=78) (C) QTL analysis on response stability index. The result of 
chromosome 16 is shown. Black arrowheads indicate marker positions. (D) Genotype-
phenotype relationship at a polymorphic marker located at 39.75-cM on LG 16, 
corresponding to chromosome 16. 
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Figure 11. Startle response properties of F1 between HNI-II and Hd-rR-II1 
F1-a are the progeny of Hd-rR-II1 females and HNI-II males. F1-b are the progeny 
obtained from an opposite cross, between HNI-II females and Hd-rR-II1 males. HNI-II 
(n=18), F1-a  (n=8), F1-b  (n=7) Hd-rR-II1 (n=17) (A) Transition of response probability. 
Bars represent SEM. (B) Sensitivity of F1-a, F1-b, and their parental strains. Bars 
represent SEM. *p<0.05 and ** p<0.01 by Scheffe’s F test. (C) Response stability index of 
F1-a, F1-b, and their parental strains. Bars represent SEM. a, b, and c indicate p<0.01 by 
Scheffe’s F test. 
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Figure 12. Quantitative trait analysis for sensitivity with F2 obtained from different 
crosses 
In A and B, dashed lines indicate the thresholds (p=0.05). (A) QTL analysis with F2 
obtained from F1-a, the progeny of Hd-rR-II1 females and HNI-II males. QTL with a 
maximum LOD score of 4.42 located on LG 3 (explaining 20.9% of the variance) was 
detected (n=29). (B) QTL analysis with F2 obtained from F1-b, the progeny of HNI-II 
females and Hd-rR-II1 males. No significant QTL was detected (n=58).  
  
＿	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Chapter 3 
 
Identification of a genomic region responsible for the startle 
response property 
 
《本章については、５年以内に雑誌等で公開予定のため非公表とする》 
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General discussion 
This body of work is the first to identify QTLs for startle response properties and to 
demonstrate that a certain genomic region is sufficient to explain a part of the intraspecific 
behavioral difference without interactions with other regions. The effect of the identified QTL 
(26.7% variance explained) was fairly higher than that of behavioral QTL in previous rodent studies 
(mostly ≦10%, ~5% on average (Flint, 2003, Flint, Valdar, et al. 2005)). This was achieved using 
inbred strains of medaka with genetically diverse genetic backgrounds and establishing the 
behavioral quantification paradigm with high sensitivity and reproducibility for the behavioral 
properties. 
The next important step is to identify the responsible genes or sequences within the candidate 
region. Although it has been difficult to identify specific responsible genes underlying behavioral 
QTLs due to weakness of effect of each QTL, complex epistasis (Flint, 2003) and clustering of 
QTLs with opposite effects (Kato, et al. 2014), I expect this will be feasible using the advanced 
molecular genetic techniques available for medaka, such as transgenic and genomic editing (Ansai, 
Inohaya, et al. 2014, Ansai and Kinoshita, 2014, Ansai, Sakuma, et al. 2013, Okuyama, Isoe, et al. 
2013), which allow us to manipulate and dissect a certain genomic region precisely. Given that F1 
between HNI-II and Hd-rR-II1 had a phenotype similar to that of Hd-rR-II1 (Figure 11C), an Hd-
rR-II1 type allele of the responsible gene is thought to inhibit or suppress the HNI-II phenotype (low 
level of attenuation in response rate) expressed by an HNI-II type allele. Generation of Hd-rR-II1 
with partial deletion in the candidate loci by the targeted genome editing method with CRISPR/Cas9 
system (Ansai and Kinoshita, 2014) and behavioral testing of F1 between HNI-II and the mutant 
Hd-rR-II1 may enable us to identify the responsible gene. 
From studies with goldfish and zebrafish suggest that thresholds to startling stimuli of the C-
start response are regulated by the excitability of Mauthner cells and their homologs, pairs of 
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neurons that control the all-or-none startle response (Eaton, Lee and Foreman 2001, Medan and 
Preuss 2014, also see Figure 9). I expect that genes responsible for the response stability index, 
which would be identified in future genetic analyses, are involved in regulating the excitatory and 
inhibitory balance of those neurons or inputs from optic neurons to those central neurons. In 
mammals and other teleost species, an attenuated startle response (in probability and/or amplitude) 
to repeated stimuli is recoverable by a different stimulus (Rankin, et al. 2009). Because this feature 
of startle responses cannot be explained by desensitization and sensitization of sensory or motor 
neurons, it is unlikely that the responsible genes regulate excitation of optic neurons or outputs from 
the central neurons, although I cannot exclude possibility of this at the present time. Transportation 
of eyes between the inbred lines could help us to examine whether retinal properties have some 
influences on the behavioral differences. If sensitivity or adaptivity of retinal neurons were 
responsible for the “timidness”, it would present a concept that ways to percept circumstances have 
influences on ways to deal with the circumstances. 
 This work is also the first to identify QTLs contributing to behavioral differences among 
medaka inbred strains. The originality of this work is in its focus on behavioral diversity or “animal 
personality” in medaka. The various inbred strains generated from the same and different 
populations exhibited significantly different startle response properties, which might be related to 
their behavioral tendencies (Figure 17A). Behavioral characterization of the congenic lines and their 
background strains across different contexts (e.g. foraging, mating, schooling etc.) may support the 
hypothesis. 
Among the inbred strains used in this study, HNI-II and HNI-I showed a detectable 
difference in the response stability index. Considering that they are generated from different pairs in 
the same local-wild population, this inter-strain behavioral difference might have originated from 
behavioral and genetic differences among individuals within a wild population. Identification of the 
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responsible genes will allow us to investigate the distribution of genetic polymorphisms within and 
among populations living in the wild. 
Throughout these doctoral studies, I become very interested in the influence of inherent 
personalities of group members on collective behaviors. For example, given the previous finding 
that fast individuals in a medaka group could induce alignment and coordinated swimming of group 
members (Ochiai, et al. 2013), I assumed that a mixed group of individuals with high 
responsiveness (like HNI-II) and low responsiveness (like Hd-rR-II1) would form a leader-follower 
relationship in coordinated escape and more successfully avoid danger than a homogeneous group 
of individuals with low responsiveness (Figure 17B). Such coexistence could be profitable not only 
for individuals with low responsiveness, but also for ones with high responsiveness, if such “timid” 
individuals were in turn led by “bold” individuals in other behaviors such as foraging (Figure 17B). 
When foraging together, “timid” individuals may follow “bold” individuals that go actively out of a 
hiding place as suggested in the stickleback study (Harcourt, et al. 2009), and might become more 
successful in finding food than when foraging only with “timid” individuals. These behavioral tests 
can be developed using inbred medaka strains and the established congenic lines, providing insight 
into the maintenance mechanism of behavioral diversity within a population. Moreover, 
identification of the genes responsible for the startle response properties might allow us to track the 
process of selection and maintenance of genetic polymorphisms within a population under 
controlled laboratory environments. 
This study revealed the potential of medaka as a new model animal for behavioral genetics as 
well as evolutionary behavioral ecology. I hope that this work will contribute to clarification of 
molecular and neural background of “animal personalities” and enhance our understanding of the 
biologic significance of behavioral diversity within animal societies. 
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Figure 17. Assumed models and future perspectives 
(A) Relationship between startle/escape properties and dimensions of “animal 
personalities”. (B) Interactions between “timid” (left) and “bold” (right) individuals in a group 
in escaping and foraging. 
 
  
A 
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Ethics statement 
The work in this thesis was conducted using protocols approved by the Animal Care and Use 
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